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Spectral manifestations of hybrid Tamm-microcavity modes in a 1D photonic crystal bounded with a sil-
ver layer and containing a nematic liquid crystal microcavity layer have been studied using numerical
simulation. It is demonstrated that the hybrid modes can be effectively tuned owing to the high sensi-
tivity of the liquid crystal to the temperature and external electric field variations. It is established that
the effect of temperature on the transmission spectrum of the investigated structure is most pronounced
at the point of the phase transition of the liquid crystal to the isotropic state, where the refractive index
jump is observed.
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1. INTRODUCTION
The optical Tamm state [1] is a surface state that is implemented
when light is trapped between two mirrors. This state can occur
at the interface between a photonic-crystal (PC) Bragg mirror
and the other PC [2, 3], left-handed medium [4] or metallic
mirror with negative permittivity (ε < 0) [5–7]. In the latter
case, the light wave is merged with the surface plasmon, i.e.,
vibrations of free electrons at the surface of a metal and is called
the Tamm plasmon polariton (TPP). In contrast to the surface
plasmon polariton, the TPP can be excited for both TM and
TE light polarizations even under normal incidence of light
onto the interface. The TPPs have found application is lasers
[8, 9], single-photon sources [10], sensors and optical switches
[11, 12], optical filters [13], heat emitters [14, 15], and nonlinear
amplifiers [16]. The TPP mode can be hybridized with the modes
of other types simultaneously excited in a system, e.g., with the
exciton mode [1, 17–19] or surface plasmon polariton [20–22].
A new type of waveguide modes arises upon hybridization of
two TPPs localized at the edges of a PC bounded with metallic
or nanocomposite layers [7, 23, 24].
In recent years, close attention of researchers has been focused
on the hybrid modes arising during simultaneous excitation of
the TPP and microcavity (MC) mode in a PC system [25]. In
studies [26, 27], the hybrid Tamm states were experimentally
found. The resonance wavelengths were tuned by changing
the polarization of incident light and by designing a structure
with the embedded metallic layer of variable thickness and its
scanning by a small-aperture light beam. The authors of [28, 29]
proposed a new design of CuPc-PTCBI-based organic solar cells,
where they implemented an idea of dual-states-induced broader-
band absorption corresponding to the hybrid modes. The idea
of emitting light at two resonance wavelengths corresponding
to the hybrid modes underlies the design of white top-emitting
organic light-emitting devices (WOLEDs) based on the two-
complementary-color strategy [30]. The experimental WOLEDs
have the improved viewing characteristics and electrolumines-
cence efficiency at the high quality of white color maintained.
The WOLEDs have a great potential of application in energy-
efficient solid-state lighting sources and full-color flat-panel dis-
plays. In addition, the formation of three hybrid modes upon
simultaneous excitation of a pair of Tamm modes and one micro-
cavity mode was investigated. One of the hybrid modes ensures
the extraordinary field amplification in a MC, which opens the
way to intensification of the nonlinear optical effects [31]. The
hybridization makes it possible not only to enhance the field
inside a MC, but also to weaken absorption in the metallic layers
embedded in the structure, which is important for designing
vertical cavity lasers [32]. In the above-cited works, the reso-
nance wavelengths and light energy distribution over a structure
could be tuned by selecting parameters of the structure during
its fabrication only.
The authors of [33, 34] proposed to electrically control the
Tamm state occurring at the interface between two PCs, one of
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which contains a nematic liquid crystal (nematic). This can be
realized owing to the high sensitivity of orientation in nematic
layers to the applied voltage, which is reflected on the refractive
indices of the layers and shifts the PC band gap and thereby the
Tamm state wavelength.
The tuning of a bare TPP mode was accomplished by
changing the thickness of the first PC layer adjacent to the
metal [19, 26], the polarization of the incident light [7], the metal
layer material [35] or the appropriate tuning of PC bandgap
position [5].
The possibility of controlling MC modes in a 1D PC contain-
ing the nematic as a defect was demonstrated in [36–38] The MC
modes were controlled using temperature, electric, and mag-
netic fields applied to the defect layer and by changing the angle
of incidence and polarization of light.
In this work, we propose to tune the hybrid Tamm MC states
via controlling the MC mode involved in the hybridization. The
MC mode is controlled via affecting the nematic defect in a 1D
PC, which plays the role of a MC, by temperature or electric
fields. The PC is coated with a silver layer, which allows exciting
the TPP at the PC/metal interface simultaneously with the MC
mode on a defect.
2. MODEL
The model under study is a 1D PC containing the nematic defect
bounded with a silver film [Fig. 1]. The PC unit cell consists of
zirconium dioxide ZrO2 and silicon dioxide SiO2 with respective
refractive indices and thicknesses of na = 2.04, Wa = 52 nm and
nb = 1.45, Wb = 102 nm. The defect layer with a thickness
of L = 2.13 µm is filled with a planar oriented 4-n-pentyl-4-
cyanobiphenyl (5CB) nematic. The nematic director, i.e., the unit
vector of the preferred orientation of molecules, is aligned along
the x axis of the system. The 5CB nematic undergoes a sequence
of phase transitions: crystal – 22.5◦C – nematic – 35◦C – isotropic
liquid. The PC is coated with a silver film with a thickness of
WAg = 50 nm on its one side; its permittivity is determined
using the Drude–Sommerfeld approximation
εAg (ω) = ε∞ −
ω2p
ω (ω+ iγ)
. (1)
Here, ε∞ is the constant, which takes into account the contri-
butions of interband transitions of bound electrons; ωp is the
plasma frequency; and γ is the reciprocal electron relaxation
time. For silver, we have ε∞ = 5, ωp = 9 eV, and γ = 0,02 eV [39].
The total number of layers, including nematic and silver, is N =
24.
The transmission spectra of the structure and light field en-
ergy distribution in it were found numerically using the transfer
matrix method [40] at the normal incidence of light. We in-
vestigated the incidence of waves polarized along the x and y
axes.
The LC structure in the applied voltage was calculated using
the free energy variation technique [41]. The elastic energy of
the LC layer is
2Fk = (k11 cos
2 θ + k33 sin2 θ)(dθ/dz)2. (2)
Here, θ is the tilt angle of the LC director relative to the x axis
and coefficients of elasticity k11 and k33 correspond to the longi-
tudinal bend and splay, respectively. The electrostatic energy of
the LC layer is expressed as
Fig. 1. Photonic crystal with a nematic defect bounded with
a silver film. Inset: structural chemical formula of the 5CB
nematic.
2Fe = −~D~E = −D2z/ε0
(
ε⊥ cos2 θ + ε|| sin2 θ
)
. (3)
Here, ~E is the vector of electric field applied to the LC layer, ~D is
the vector of electric induction in the bulk of the LC, ε⊥ and ε||
are the LC permittivities transverse and longitudinal relative to
the director, and ε0 is the permittivity of free space.
The free energy variation F = Fk + Fe can be described as
δF =
δFk
δθ
δθ +
δFe
δθ
δθ. (4)
Here, δ/δθ is the operator of variational derivative with respect
to orientation. In the equilibrium configuration, free energy
variation (4) should be zero, regardless of the δθ value. Taking
into account formulas (2,3), we arrive at the equation for the
angle θ(z)
(k11 cos2 θ + k33 sin2 θ)
d2θ
dz2
+
(k33 − k11) sin(2θ)
2
(
dθ
dz
)2
+
D2z (ε|| − ε⊥) sin(2θ)
2ε0
(
ε⊥ cos2 θ + ε|| sin2 θ
)2 = 0. (5)
If the problem is one-dimensional and there is no divergence
of induction (∇~D = 0), we may conclude that this quantity is
constant over the entire LC volume (
∣∣∣~D∣∣∣ = Dz = const (z)) and
can be related to voltage U applied to the defect layer as
U =
∫ L
0
Ezdz =
Dz
ε0
∫ L
0
dz
ε⊥ cos2 θ + ε|| sin2 θ
. (6)
The function of distribution of the tilt angle θ(z) is found
from the joint solution of Eqs. (5,6) with regard to the boundary
conditions, which are determined by the rubbing direction on
the PC mirrors.
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3. RESULTS AND DISCUSSION
A. Hybrid modes
The formation of hybrid modes was demonstrated at the nor-
mal incidence of the x-polarized light wave, when the nematic
director is parallel to the electric field. The mode coupling
phenomenon was investigated assuming the 5CB extraordi-
nary and ordinary refractive indices ne = 1.71 + 0.00039i and
no = 1.54 + 0.00039i [42] with disregard of dispersion at a tem-
perature of 25◦C. The estimated imaginary part of the nematic
refractive index was take from experimental work [43]. This
quantity determines the total nematic extinction , with contribu-
tion of light absorbtion and scattering.
If we eliminate the silver layer, the structure will turn to the
MC filled with the nematic bound by Bragg mirrors. In the spec-
trum shown in Fig. 2(a), one can see several transmission peaks
localized in the PC band gap. These peaks correspond to bare
MC modes. If there is no nematic layer in the structure, then the
latter represents two conjugate mirrors: metallic and Bragg. At
the interface between them, a bare TPP is maintained. The TPP
manifests itself in the spectrum as a narrow peak [Fig. 2(a)]. The
parameters of the structure are found to equate the wavelengths
of the TPP and a MC mode. If the PC contains both the nematic
and silver film, then both modes are simultaneously excited.
This leads to their coupling and formation of two hybrid Tamm-
MC modes, short- and long-wavelength. This can be seen in the
spectrum as splitting of the transmission peak [Fig. 2(b)].
The splitting value characterizes the mode coupling and, in
the investigated case, is equal to 12.8 nm. The splitting value
can be increased by enhancing the spatial overlap of the coupled
modes. This can be achieved by decreasing a number of PC
layers between the silver film and nematic defect. The field
energy is distributed between coupled modes localized both at
the PC/metal interface and in the bulk of the MC [Fig. 2(c,d)].
B. Temperature control of the hybrid modes
To calculate temperature tuning of the spectra, we used the ex-
perimental values of the temperature dependences of refractive
indices ne and no [44]. Figure 3 shows the calculated temper-
ature transmission spectra of the structure in the wavelength
range corresponding to the hybrid modes.
In the figure, one can see the motion of peaks corresponding
to the hybrid modes. Since the bare TPP wavelength remains
invariable, the motion of peaks can be explained by the sensi-
tivity of the MC mode wavelengths to the applied temperature
field [36]. As the temperature increases, the refractive index ne
decreases, which leads to a decrease in the MC optical thickness
and, consequently, to the blue shift of MC modes [Fig. 3(a)]. It
follows from the Fabry–Perot resonance condition that [45]:
mλm = 2Ln. (7)
Here, m is the number of MC mode, λm is its wavelength, and n
is the refractive index of the defect layer. Actually the MC mode
standing wave antinodes are shifted beyond the defect layer
thickness L. The corresponding wavelength shift is neglected in
Eq. (7) .
The wavelength shift of MC modes leads to the shift of hybrid
Tamm-MC modes. In the investigated temperature range, the
shift of the long-wavelength mode attains 7 nm and the shift of
the short-wavelength mode, 12 nm. At the point of the phase
transition between nematic and isotropic liquid at t0 = 35.0◦C,
the jump of refractive index ne is observed [46]. This leads to
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Fig. 2. (a) Transmission spectra of the PCs without metallic
layer (blue) (bare MC mode at 547.7 nm) and without nematic
defect (red) (bare TPP at 547.7 nm). (b) Transmission spectrum
of the investigated structure (hybrid Tamm-MC modes at 543.2
and 556 nm). The nematic director is parallel to the electric
field (x polarization). Spatial distribution of the refractive
index and electric field energy of the light wave in the hybrid
Tamm-MC modes at wavelengths of (c) 543.2 and (d) 556 nm.
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Fig. 3. Normalized transmission spectrum T/Tmax of the struc-
ture vs temperature detuning ∆t = t0 − t, where t0 = 35.0◦C
is the phase transition temperature. (a) The nematic director
is parallel to the electric field (x polarization); Tmax = 0.55. The
black line corresponds to the spectrum in Fig. 2(b). (b) The
nematic director is perpendicular to the electric field vector (y
polarization); Tmax = 0.52. Arrows show the direction of the
jump of MC modes involved in the formation of the hybrid
state. The red line corresponds to the bare TPP wavelength.
the stepwise blue shift of the MC modes, which attains 20 nm.
During the phase transition, the MC mode coupled with the TPP
turns to the bare MC mode. At the same time, the neighboring
MC mode jumps toward the TPP; as a result, they are coupled
and new bound Tamm-MC states are formed. With a further
increase in temperature, the refractive index of the isotropic
liquid remains almost invariable; therefore, the hybrid mode
wavelengths after the phase transition do not change.
The temperature behavior of refractive index no [Fig. 3(b)] is
opposite to [Fig. 3(a)]. The resonant wavelength grows with tem-
perature and the hybrid modes undergo the red shift. Through
14◦ temperature interval the long-wavelength hybrid mode
shifts by 2 nm and the short-wavelength mode shifts by 5 nm.
At the phase transition point, a stepwise red shift of the MC
modes of up to 10 nm is observed. This leads to the jump of
hybrid modes. Comparison of Figs. 3(a) and 3(b) allows us to
conclude that the temperature spectra are extremely sensitive to
the polarization direction of the incident light.
C. Electric-field control of the hybrid modes
The electric field applied to the LC defect layer leads to the
orientational transition. This effect is called Fredericks transition
[46]. Figure 4(a) shows the calculated transmission spectrum
of the structure for the x-polarized light in the variable voltage
applied to the defect layer. It can be seen that at U < Uc = 0.74
V the spectrum does not change. This is caused by the threshold
character of the Fredericks transition. In this voltage range, the
spectrum corresponds to Fig. 2(b).
At the voltages above critical voltage Uc, the blue shift of
hybrid modes is observed. This can be explained as follows.
The LC in the defect layer has the initial planar orientation; the
electric voltage is applied perpendicular to the defect layer. Since
the permittivity along the director is larger than the transverse
component (ε|| > ε⊥), we observe the so-called Fredericks S-
transition [46]. LC director begins to deviate from the x axis and
to align parallel to the applied field, i.e., along the z axis.
The distribution of the tilt angle θ(z) as a function of applied
voltage U was found by numerical solution of Eqs. (5,6) using
the gradient descent technique [43, 47]. The boundary conditions
correspond to the initial planar LC orientation θ(0) = θ(L) = 0.
The calculation was performed for the following 5CB parameters
at a temperature of 25◦C: k11 = 5.9 pN , k33 = 9.9 pN, ε|| = 18,
and ε⊥ = 6 [48]. Taking into account the tilt of LC director, the
LC refractive index for the x-polarized radiation is [45]
n(z) =
neno√
n2e sin2 θ(z) + n2o cos2 θ(z)
. (8)
It can be seen that the refractive index of the defect LC layer
decreases with increasing tilt angle. This is shown by compar-
ison of the refractive index distributions over the structure in
Figs.4 and 2. One can see that under the action of applied volt-
age, the refractive index of the nematic layer decreases over the
entire LC volume and is minimum at the center of the MC where
there are no boundary effects on PC mirrors. With regard to
Eq.(7), this leads to the blue shift of the MC modes and, simulta-
neously, hybrid Tamm-MC modes. In this case, at U > 4.5 V, the
wavelengths of hybrid modes almost stop changing. This is due
to the fact that the LC director approaches the homeotropic state
and its rotation slows down. Except for a thin surface regions,
the LC director aligns along the z axis. Then, the refractive index
for the x-polarized light becomes equal to the ordinary refractive
index no. This can be seen also from Eq.(8), if we take θ(z) = 90◦.
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Fig. 4. (a) Normalized transmission spectrum T/Tmax of
the structure vs applied voltage for the x-polarized light;
Tmax = 0.6240. The external field is directed along the z axis.
The red line corresponds to the wavelength of the bare TPP.
Spatial distribution of the refractive index and electric field en-
ergy of the light wave in hybrid Tamm-MC modes at U = 1.1
V (white line in Fig. 4(a)) at wavelengths of (b) 530.5, (c) 550.5,
and (d) 570 nm.
It can be seen from Fig. 4(a) that at a voltage of about U = 1.4
V, the hybrid mode crosses the bare TPP wavelength. Such a
behavior of the hybrid mode contradicts the well-known general
theory for two modes coupling, when their wavelengths shift in
opposite directions and avoid to cross each other [49, 50]. In our
case the behavior can be explained by the triple hybridization.
As the voltage increases, one MC mode initially coupled with
the TPP moves away from it and turns to the bare MC mode
at high voltages. At the same time, the neighboring MC mode
approaches the TPP and is hybridized with it. In the intermedi-
ate region, where both MC modes are sufficiently close to the
TPP, three modes are hybridized. Such a behavior of the spectral
peaks was observed in [31], where the hybrid states formed by
two TPPs and one MC mode were investigated.
This assumption of triple hybridization is confirmed by the
light field energy distribution over the structure at a voltage of
U = 1.1 V [see Figs. 4(b,c,d)]. It can be seen that the light field
in each of the three modes has localization maxima both in the
bulk of the MC and at the PC/metal interface. The mode close
to the bare TPP in wavelength [Fig. 4(c)] is mainly localized at
the PC/metal interface, whereas the other two modes are more
like the bare TPP modes and are mainly localized in the bulk
of the MC [Fig. 4(b,d)]. Comparison of Figs. 4 and 2 shows
that we can tune not only the wavelength of hybrid modes,
but also the light energy localization at the PC/metal interface,
which is important for the TPP applications. The transmission
spectra of the y-polarized wave do not change, since in this case
the refractive index of the LC remains equal to the ordinary
refractive index no during reorientation of director in the xz
plane.
In addition, note several technical points. In the experiment
the voltage can be applied through indium tin oxide (ITO) layers
embedded in the structure on each side from the nematic [38]. In
this case, the MC mode acquires an additional phase delay and
is partially absorbed in the ITO layers. The calculation shows
that at an ITO layer thickness of 30 nm, the transmittance in
the peaks changes by several percent and the peaks undergo
a red shift of several nanometers. WOLEDs technology based
on TPP-MC modes requires two wide peaks in visible spectrum
range. For this goal one may decrease the thickness of nematic
layer increasing the distance between the peaks. Additionally,
decreasing the number of PC layers leads to peak broadening.
Also liquid crystal mixtures with a wide nematic range (−40◦C
to +100◦C) [51] may be used for applications. The response
time to the applied electric field is less than 10 ms, estimated for
conventional nematic liquid crystal cells [46].
D. Tuning the hybrid mode wavelengths
Upon variation in thickness d of the first ZrO2 layer adjacent to
the silver layer, the phase of reflectance from the PC changes.
Since the condition of phase matching between the reflectances
from the metallic and Bragg mirrors should be satisfied, the
TPP wavelength changes [5]. This makes it possible to tune the
hybrid mode wavelengths [Fig. 5].
The wavelengths of the MC modes are almost insensitive to
the growth of thickness d, while the bare TPP mode undergoes
a red shift and pass through the entire PC band gap. In this
case, the sequential hybridization with all the MC modes occurs.
The similar situation is observed when the electric field vector is
perpendicular to the nematic director (y polarization).
The significant dependence of the transmission peak wave-
lengths on the first layer thickness makes it possible to design
a tunable filter on the basis of the proposed structure. For this
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Fig. 5. Normalized transmission spectrum T/Tmax of the struc-
ture vs thickness d of the first ZrO2 layer. The nematic director
is parallel to the electric field (x polarization); Tmax = 0.7186.
The black line corresponds to the spectrum in Fig. 2(b). The
red line corresponds to the bare TPP wavelength.
purpose, the first layer should have a variable thickness, e.g., be
wedge-like [19, 26].
4. CONCLUSIONS
Transmission spectra of a 1D PC coated with a thin silver layer
were calculated. The photonic crystal under study contains the
defect layer infiltrated with 5CB nematic. The existence of hybrid
modes formed by the Tamm plasmon polariton and microcavity
mode in the structure was demonstrated. It was shown that the
light field energy is distributed over the coupled modes.
The possibility of temperature tuning of the spectra was
demonstrated, which is caused by the sensitivity of the nematic
refractive index to the applied temperature field. The existence
of the hybrid mode jump at the point of the phase transition
nematic–isotropic liquid was demonstrated. The polarization
sensitivity of the spectra was demonstrated.
The possibility of tuning the spectra by the electric field was
demonstrated, which is caused by the sensitivity of the nematic
refractive index to the applied electric field. It was shown that
at the shift of the microcavity modes under the action of a field,
the Tamm mode is sequentially hybridized with the neighbor-
ing microcavity modes. It was shown that there is the voltage
range where the Tamm mode is hybridized with two neigh-
boring microcavity modes simultaneously. The possibility of
tuning the hybrid mode wavelengths by selecting a thickness of
the first photonic crystal layer adjacent to the silver layer was
demonstrated.
The possibility of temperature and electric-field tuning of the
hybrid mode wavelengths and light energy localization at the
PC surface is important for TPP applications in sensing, lasing,
solar photovoltaics, WOLED technology, and nonlinear control.
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